Cells of the yeast Metschnikowia reukaufii were transformed to true protoplasts by means of snail gut enzyme. The plasma membrane of purified protoplasts was labelled either by [3H]dansyl chloride or by Nal 251. The crude lysate of osmotically ruptured protoplasts was fractionated by two subsequent centrifugations on sucrose density gradients. The two protein peaks obtained at densities of 1-16 and 1-13 g cm-3 were identified according to their characteristic markers (radioactivity, cytochrome c oxidase, oligomycin-sensitive ATPase at pH 8.5, and sterol content) as mitochondria1 and plasma-membrane fractions, respectively. The ATPase activity associated with the plasma-membrane fraction exhibited a pH optimum at 6.5, was insensitive to oligomycin and was inhibited by vanadate. It can therefore be used as an intrinsic plasmamembrane marker.
INTRODUCTION
The primary cellular energy carrier is ATP, which is the product of membrane-bound oxidative phosphorylation. According to the chemiosmotic theory proposed by Mitchell (1 963, 1967) the energy released by oxidation of a suitable organic substrate can be traduced into an electrochemical potential difference of protons across the plasma membrane, which, in turn, can be used to drive active transport of other substances into the cell by the so-called H+-symport (Harold, 1977; Eddy, 1982) . The H+-symport has also been demonstrated in the yeast Metschnikowia reukaufii for the uptake of monosaccharides (Aldermann & Hofer, 1981) .
In a eukaryote such as yeast a distinct H + -translocating, ATP-splitting ATPase in the plasma membrane has to be postulated in addition to the reversible one of mitochondria. Such ion-translocating plasma-membrane-bound ATPases have been isolated from animal cells (Robinson & Flashner, 1979; Verma & Penniston, 1981) , from plant cells (Galbraith & Northcote, 1977; Perlin & Spanswick, 1980) and from fungi (Goffeau & Slayman, 1981) .
It was the aim of the present work to isolate the plasma membrane from the yeast M . reukaufii in order to gain a better insight into the molecular mechanism of the energyaupling between the ATP-splitting as the energy-delivering system (generation of the electrochemical H +gradient by means of the plasma-membrane-bound ATPase) and the 'uphill' plasma-membrane transport as the energy-consuming system (H + Ishbstrate symport). The first difficulty encountered in isolating plasma membranes from plants, algae and fungi is due to the presence of a rigid cell wall. A rough mechanical disruption of whole cells can be avoided by preparation of osmotically-labile protoplasts. The method of enzymic digestion of the wall, followed by 1980) . Under these conditions cells were completely and repducibly converted to protoplasts after 2 to 2.5 h incubation with helicase.
The resulting protoplasts were separated from the enzyme by washing twice in 1 M-sorbitol, followed by separation from cell wall residues and cell debrison a density gradient. Between 80 and 90% of the pure protoplasts accumulated at a density of 1-1 1 g cm-3, whereas the contaminating structures gathered in layers of higher densities. Radioocriw labelling.
['HDansyl chloride and Na'2sI were used as artificial markers of the plasma membrane (see Fig. 1 ). Both compounds react selectively and covalently under certain conditions with various amino acid residues of the plasma-membrane proteins accessible from the outside (Schibeci et al., 1973; Hubbard & Cohn, 1976) . Dansyl chloride binds to free amino acid groups only at alkaline pH values between 9.0 and 9.2 (Marriott, 1975; Lewis & Patel, 1978) . This is critical for the sptcificity of plasma membrane labelling. Even if the dansyl chloride penetrates the plasma membrane (cf. Hubbard & Cohn, 1976) it cannot label intracellular membranes since the cytosol of M . reukarrfii has a pH of 6-2 (Aldermann & Hiifer, 1981) . The idination of tyrosine residues of plasma-membrane proteins occurs at pH 7.5 in the presence of H 2 0 2 and lactopcroxidase (Phillips & Morrison, 1970; 1971) . The size of lactoperoxidase molecules (mol. wt 78000) prevents their diffusion into the cells and thus any nonspecific labelling of intracellular membranes.
L-vsis of proroplasrs. The protoplasts were lyscd as indicated in Fig. 1 . In addition to strict control of the temperature, pH and volume of the lysing medium, it was important to use comct concentrations of both MgCI2 and EDTA. Because Mg2+ stabilizes membranes (Da Silveira et al., 1977; Lewis et al., 1978) , concentrations higher than 0-5 mM retarded lysis of the protoplasts and led to aggregation of the membranes. EDTA concentrations above 5 mn caused the viscosity ofthe lysate to increase. Optimum lysis was achieved by a 5 min incubation in a medium consisting of 0.4 nr-sorbitol, 0.2 rnla-MgCl, and 1 m -E D T A at pH 7-0 and 4 "C.
Fracrwnurion oJnrCmbrones. The separation after lysis of the homogenate into its membrane components was achieved by two methods. Firstly, by two successive centrifugations in a Beckman L2-75B ultracentrifuge (SW27 rotor) at 75000g for 8 h on a combined discontinuous/continuous sucrose density gradient (1 ml65%, 2 ml60%, 8 ml40%, and a continuous mixture from 6 ml40% and 7 d 2 0 % sucrose, w/v). Stcondly, by the attachment of microbeads according to the method described in Fig. 2 .
Elecrron microscopy. Sample material for electron microscopy was fixed with 2% (w/v) glutaraldehyde in 12 rnflris/HCl buffer pH 7-0 and 20% (w/v) sucrose. After washing in Tris/HCI buffer the material was refixed with 2% (w/v) osmium tctroxide for 2 h. The fixed material was dehydrated by acetone steptreatment and embedded in ERL-resin according to Spurr (1969). The ultra-thin sections were contrasted with 2% (w/v) lead citratc and 2% (w/v) uranyl acetate. The plasma membranes were additionally contrasted with phosphotungstic acid in 10% (w/v) chromic acid ( P T A C Q ) according to Rdand et al. (1972) .
Analyses. The protein content of the individual membrane fractions was determined by the Lowry method. Phospholipids and sterols were extracted with chlomform/methanol (1 :2, v/v). Portions of the extracts were evaporated, mixed with 10% (w/v) ethanolic Mg(N03)2 and burned in glass test tubes on a gas burner. The ash was suspended in 1 mlO.5 M-HCI and extracted in a boiling water bath for 15 min. The content of inorganic phosphate in the extracts was determined as in the ATPase assay (Serrano, 1978) . The content of sterols in the chloroform/methanol extracts was analysed by the cholesterol-testambination (CHOP-PAP-method, Boehringer). 
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Protoplasts Washing by twofold centrifugation in 1 M-sorbitol (Sorvall RCZB, S34 rotor, 3000g, 10 min, 4 "C) to remove the lytic enzyme.
Separation of the protoplasts from cell wall residues and cell debris by centrifugation on a discontinuous sucrose density gradient (Sorvall RC2-B, HB4 rotor, 27500g, 30 min, 4"C, gradient: 3 ml 65%, 7 ml60%, 15 ml40%, 10 ml 20% sucrose, w/v).
I
Purified protoplasts white layer at 1.1 1 g cm-3 (20/40%, w/v) I Dunsylution : 25% (v/v) protoplast suspension in 20 ml 1 M-sorbitol containing 0.3 M-potassium phosphate buffer (pH 9.2) was incubated with 20 pCi [3H]dansyl chloride for 30 rnin at 20 "C, and washed six times in the buffer (Sorvall RC2-B, SS34 rotor, 3000g, 10 min, 4 "C).
Iodimtwn: 25% (v/v) protoplast suspension in 1 Msorbitol containing 0.1 M-potassium phosphate buffer (pH 7.5) was incubated with 3.75 pg lactoperoxidase ml-l, 10 FCi NalZ5I and 0.03% (w/v) H202 (added subsequently at 3 rnin intervals) for 30 rnin at 25 "C, and washed three times in the buffer (Sorvall RCZB, SS34 rotor, 3000 g, 10 min, 4 "C).

Radioactively labelled protoplasts
Lysis of the protoplasts: 5-7% (v/v) protoplast suspension was incubated in 0.4 M-sorbitol, containing 5 rnM-Tris/HCl (pH 7-2), 0.2 mM-MgCl,, 1 mM-EDTA for 5-7 rnin at 4 "C.
The lysed cells were centrifuged in Sorvall RC2-B, SS34 rotor, at 27000 g for 30 rnin at 4 "C. The pellet was resuspended in 5 mM-Tris/HCl (pH 7.2) and 20% (w/v) sucrose.
Cell membrane homogenate f i Fractionation on sucrose density gradient in two steps according to Methods. Enzymes. ATPase activity (EC 3.6.1.3) was measured as described by Serrano (1978) . The inhibitors of ATPase, oligomycin (20 or 25 pg m1-I) and vanadate (1 mM), were added to the reaction mixture at 30 "C 5 min before adding the ATP.
Cytochrome c oxidase activity (EC 1.9.3.1) was determined by measuring the decrease of absorbance of reduced cytochrome c at 540 nm. The reaction mixture contained 400 mM-sucrOSe, 25 mM-imidazole/HCl, 0.2 mM EDTA, 0.02% (w/v) mercaptoethanol, 20 pl reduced cytochrome c (50 mg ml-I) and 20 to 50 pl membrane sample in a total volume of 3 ml, pH 7-0.
Chitin synthase activity (EC 2.4.1.16) was estimated according to Cabib (1972) and Merkel et al. (1980) . a-Mannosidase activity (EC 3.2.1.24) was measured by a modification of the method of van der Wilden et ul. (1973) . To 500 p1 of 200 mhi-sodium acetate buffer (pH 5.0) were added 100 pl p-nitrophenol-a-mannoside (2 mg ml-I ) and 200 pl membrane samples. The reaction was stopped after 200 rnin by the addition of 3 mlO.2 M-NazC03 dissolved in 0.1 M-NaOH.
One unit (U) of enzyme activity is defined as 1 pmol substrate transformed min-l. Chemicals. Oligomycin, DIT, ergosterol, N-acctylglucosamine, UDP-N-acctylglucosamine, trypsin, trypsininhibitor, pnitrophenylu-mannoside, imidamle, cytochrome c and dextran sulphate were from Sigma; lyophilized helicasc was from Reactifs Industrie Biologique Franpist, Villeneuve-la-Garcnne, France; enzymes, coenzymes, nucleotides. and the cholesterol-testcombination were obtained from Boehringer; sorbitol was from Baker Chemicals, Gross-Gerau, Germany; orthevanadate was from ICN Pharmaceuticals Inc., Plainview, NY, method of protoplast evolution. Helicase produced a terminal or lateral opening, from which the protoplast emerged, appearing first as a bubble then as a complete plasma sphere. The empty cell walls were digested only by prolonged incubation.
An approximately pure plasma-membrane fraction was isolated by two successive density gradient centrifugations (see Methods). The following markers were used to identify the plasma membrane : chitin synthase activity, protein : phospholipid ratio, and, more accurately, the distribution of [3H]dansyl chloride and Nal 251. Cytochrome c oxidase and a-mannosidase activities were measured to determine the contamination of the plasma-membrane fraction with other intracellular membranes.
The cell lysate was separated into two distinct protein peaks by the first centrifugation step (Fig. 3c ). About 20% of the total protein of the cell membrane homogenate accumulated in the lighter layer at a density of 1.13 g cm-3. Since this protein peak contained most of the radioactive label, it therefore contained the majority of the plasma membrane material, designated PM,. This layer of the gradient also had a high specific activity of chitin synthase (3.1 times greater than the total in the cell-membrane homogenate), an ATPase activity at pH 6.5 and a protein :phospholipid ratio of 2. The distribution of the a-mannosidase activity showed that the tonoplast membrane of M . reukauJii was of equal or slightly lower density than the plasma membrane.
The heavier layer, at a density of 1.16 g cm-3, contained about 50% of the total protein of the cell membrane homogenate and correlated with a high specific activity of cytochrome c oxidase and an ATPase with maximum activity at pH 8.5. These two enzyme markers were characteristic of mitochondria, designated M, (Fig. 3a, 6) . A subsequent centrifugation of the two membrane fractions, the plasma membrane (PM,) and the mitochondrial layer (MI), on two separate density gradients of equal composition resulted in the same pattern of two distinct membrane layers on each gradient (Fig. 4) . Whereas the first centrifugation had resulted in a twofold accumulation of the radioactivity in the plasmamembrane fraction, the purification was significantly increased by the second centrifugation (PM,). Correspondingly, contamination by cytochrome c oxidase was decreased. T h e specific activity of the cytochrome c oxidase of the heavier (mitochondrial) fraction, M2, was increased after the second centrifugation.
The pHdependence of the ATPase activity in all membrane fractions was measured. The mitochondria1 membrane fractions showed a pH+ptimum for ATPase activity at 8.5. Oligomycin inhibited the ATPase of fraction M, by 85% and that of the two combined fractions after the second centrifugation, M2 + M2,, by 90% (Fig. 5) . The plasma-membrane fractions had an ATPase with maximum activity at pH 6.5, which was inhibited by oligomycin by 48% in fraction PMI and by only 11 % in PM2 + PM2, (Fig. 5) . The decrease of oligomycin sensitivity demonstrates the degree of further purification of PM2. by the second centrifugation. The olige mycin-sensitive ATPase activity at pH 8.5 of the combined plasma-membrane fractions, PM2 +PM2., correlated with their residual cytochrome c oxidase activity (cf. Fig. 4 concluded that the oligomycin-insensitive ATPase with a pH-optimum of 6.5 was an intrinsic enzymic marker of the plasma membrane. The other ATPase with a pH-optimum of 8.5 and high oligomycin sensitivity was characteristic of the mitochondrial membrane fraction.
Preparation of the plasma-membrane fraction by means of silica microbeads
The attachment of silica microbeads to the outer surface of intact protoplasts made the separation of the plasma membrane much simpler: the density of the plasma membrane was effectively increased so that a single gradient centrifugation gave a distinctly better purification of the plasma-membrane fraction.
The silica microbeads (30 nm diameter, relative density 2.5 g ~m -~) have a surface charge which depends on the pH of the surrounding medium, causing them to bind to the charged surface of the protoplasts (Chaney & Jacobson, 1983; Schmidt et al., 1983) . The association of microbeads with protoplasts could be traced both in phase-contrast and electron microscopy by cell aggregation, since microbeads associate not only with the protoplasts, but also with each other, thus creating bridges between neighbouring protoplasts.
The aggregated protoplasts were lysed after residual unattached microbeads had been washed off (see Fig. 2 ). The lysing medium contained a small amount of dextran sulphate to neutralize any free charge still on the microbeads. Due to the aggregated state of the plasma membranes they could be spun down by simple centrifugation at 3000 g and thus separated from the majority of all other intracellular components, mainly mitochondria (Fig. 6a) . A subsequent density gradient centrifugation of the resuspended pellet resulted in three membrane layers (Fig. 6 b) . The top of the gradient contained very little, the pellet the majority of the applied material. Biochemical analysis of the three layers showed the presence of plasma membranes in an almost pure state in the pellet, as indicated by the following three measurements: 1, maximum radioactivity from the artificial plasma-membrane marker [3H]dansyl chloride; 2, ATPase activity at pH 6.5 sensitive to vanadate and insensitive to oligomycin; 3, a protein :sterol ratio of 1.4. These parameters indicated an approximately threefold purification of the plasma-membrane fraction as compared with the pellet after the first simple centrifugation. According to the specific activity of cytochrome c oxidase, and the specific activity of oligomycin-sensitive ATPase at pH 8.5, the plasma-membrane fraction was contaminated at most by 20% by mitochondria1 protein.
The middle protein layer (M) on the density gradient was enriched with mitochondria, as indicated by a high cytochrome c oxidase activity and a high activity of the oligomycin-sensitive ATPase at pH 8.5. This protein fraction also had a high oligomycin-insensitive ATPase activity at pH 6.5. However, the presence of this ATPase could not be due to contamination by plasma membranes, since the radioactivity of this fraction was very low. The same conclusion can be drawn for the ATPase activity of the protein layer (V) in the top of the density gradient (Fig. 6 b) .
On the basis of these results a third ATPase activity is postulated in the membrane homogenate of lysed protoplasts from M. reukau$i and assigned to the tonoplast membrane, since the amannosidase (Fig. 3) showed a maximum activity in the layer at a density below 1.16 g Furthermore, a high content of vacuoles in M . reukauJii was indicated by electron microscopy. The pHdependence of the three different ATPase activities and their sensitivities to oligomycin are shown in Fig. 7 . The mitochondrial ATPase was the main protein component of the supernatant after the first centrifugation (Fig. 7a) , and of the middle layer (M) after the density gradient centrifugation (not shown). The ATPase activity oi' both protein fractions had an optimum at pH 8.5 and was inhibited by 55% by oligomycin. The ATPase of the vacuolar fraction (V) from the top of the density gradient had two pH-maxima, at 6.5 and 8.5, and was insensitive to, or slightly stimulated by oligomycin throughout the pH-region tested (Fig. 7 b) . The ATPase of the plasma-membrane fraction, PM, reached its maximum activity at pH 6.5 and was completely insensitive to oligomycin (Fig. 7c) . However, it was specifically inhibited by 1 mhl-vanadate (Fig. 6b) .
The conclusions drawn on the basis of biochemical characterization of the individual membrane fractions were confirmed by electron microscopy (Fig. 8) . The vacuolar fraction (V) contained membrane vesicles, which were not contrasted by PTACr03 (Fig. 8a) . The mitochondrial fraction, M, consisted of numerous intact mitochondria together with empty membrane envelopes, which probably originated from mitochondria, but possibly also from tonoplast membranes (Fig. 8b) . The plasma-membrane fraction comprised high amounts of membrane vesicles contrasted by PTACr03, which were frequently covered by a layer of associated microbeads and only slightly contaminated by mitochondria-like structures (Fig. 8 c) .
DISCUSSION
The preparation of true protoplasts from M . reukauJii cells allowed a gentle osmotic cell lysis followed by isolation of plasma membranes on a sucrose density gradient. It enabled us also to label specifically the outside surface of the plasma membrane with either [3H]dansyl chloride or Na1251, as used for other organisms (Schibeci et al., 1973; Mariott, 1975; DurSn et al., 1975;  Rank et al., 1978; Santos et al., 1978; Zingales et al., 1979) .
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B. ALDERMANN AND M. HOFER Fig. 8. Electron micrographs of (a) the vacuolar-membrane fraction; (b) the mitochondrial membrane fraction; (c) the plasma membrane fraction. The plasma membranes were contrasted with PTACr03. Bar markers 1 pm.
A crucial point in the process of the membrane fractionation was the lysis of the protoplasts. The experimental conditions were optimized so that the lysis proceeded completely and quickly. Under these optimal conditions the plasma membranes vesiculated so that contamination with other intracellular membranes was reduced. Nevertheless, the two layers after the first density gradient centrifugation were crosscontaminated to a considerable extent (Fig. 3) .
The second density gradient centrifugation, of both the plasma membrane fraction, PM,, and the mitochondria1 fraction, M,, increased the purity of the individual fractions. The PM, fraction was much less contaminated with mitochondria. The second centrifugation step with the M I fraction was important, since the plasma membranes in this fraction were further separated from the mitochondria, again at a density of 1.13 g (Fig. 4) . The portion of plasma membrane protein thus obtained was approximately equal to that from the second centrifugation of PM, .
This second purification step was also important for the identification and characterization of the ATPase activities of the individual membrane fractions (Fig. 5) . The ATPase of the Yeast membrane fractions 72 1 mitochondria had a pH-optimum of 8.5 and was 90% inhibited by oligomycin, whereas the plasma-membrane ATPase had a pH optimum of 6.5 and was inhibited by oligomycin by only 10%. The specific inhibitor of the plasma-membrane ATPase was vanadate (Fig. 6b) . Thus, the ATPase of M. reukaufii showed the same activity pattern as those already known from other fungi (Bowman et al., 1978; Serrano, 1978; Ahlers et al., 1978; Peters & Borst-Pauwels, 1979; Welten-Verstegen et al., 1980; Ahlers, 1981; Blasco et al., 1981) . On the basis of the present results and those in the literature, the oligomycin-insensitive, vanadate-sensitive ATPase at pH6.5 was recognized as a true intrinsic enzyme marker of the plasma membrane of M. reukauji. The use of silica microbeads simplified the preparation and considerably enhanced the purity of the isolated plasma membranes. Contamination with other intracellular membranes of the plasma membrane fraction did not exceed 20%, a satisfactory result, considering that M.
reukaufii cells are filled with mitochondria and vacuoles. The contamination was about onethird of that obtained by two successive density gradient centrifugations. When comparing the purification factor of 3 for the plasma membrane fraction from M. reukaujiii with results in the literature for other fungi (Bowman & Slayman, 1977; Ahlers et al., 1978; Blasco et al., 1981 ;  Goffeau & Slayman, 1981) it should be remembered that it was calculated in relation to a prepurified membrane homogenate, from which the cell walls, cell debris, most of the intracellular organelles and the soluble cytoplasmic proteins had already been removed.
The purification factor for the plasma-membrane fractions was consistently lower when calculated from the specific activity of ATPase at pH 6.5 rather than from the specific radioactivity (Fig. 6 ). This discrepancy may be due to the presence of other ATPases active at pH 6.5 in the reference homogenate or to spontaneous formation of 'right-side-out' vesicles, whose ATPase was not recorded by the activity test (cf. Scarborough, 1976; Quail, 1979) . This limitation is, however, not valid for the other ATPases (of mitochondria and tonoplasts).
A vacuolar ATPase in yeasts has so far been neglected by other authors because of its expected low activity (Ahlers et al., 1978; Ohsumi & Anraku, 1981) . However, the fractionation of M.
reukaufimembranes made it clear that apart from the plasma membrane and the mitochondrial ATPases there was still another very active ATPase at the top of the sucrose density gradient. It was oligomycin insensitive and showed two pH-maxima, at 6.5 and 8.5 (Figs 6 and 7) . This ATPase activity could not be accounted for either by mitochondria1 contamination (due to lack of both oligomycin-sensitivity of the ATPase and the cytochrome c oxidase activity of the protein fraction) or by plasma-membrane contamination (no incorporated radioactivity in the protein fraction) and was, therefore, assigned to the tonoplast membrane. The a-mannosidase activity measured in the protein fraction from the top of the gradient (density region 1.15-1 -1 1 of Fig. 3 ) was in accord with this assignment. The existence of a vacuolar ATPase would also account for the high oligomycin-insensitive ATPase activity at pH 6.5 of the mitochondrial fraction, which could not be due to contamination by plasma-membrane (lack of incorporated radioactivity) (Figs 6b and 7) .
The preparative method using silica microbeads described in this paper represents a simple procedure for isolation of a sufficiently pure plasma-membrane fraction which can be used as a starting material for further investigation of active transport processes at the plasma membrane. 
